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REVIEW OF LECTURE 1

e have looked at the flavor structure in
the SM

e experiments show it is predominantly
due to Kobayashi-Maskawa mechnism
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OUTLINE LECTURE 2

¢ meson mixing (left-over from lecture 1)
e searching for new physics
® B physics anomalies

* Higgs and flavor
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MEASUREMENTS

e two types of measurements shown in the CKM
triangle plot

® tree level transitions

® less likely to be atfected
by new physics

® loop level transitions

e more likely to . { W ‘ d
L€, 1 2
be atfected by o d - W b -
new physics b " \ u,C, \ S
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MEASURING BETA
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CP VIOLATION

e 3 categories of CPV observables

® CPV in the decay: interf. between
decay amplitudes

Al # |4

® CPV in mixing : interf. between M and I, (different
ways to oscillate B0<>B0)

|Q/p‘ # 1 ’BL,H> — p’BO> T q‘BO>.
® CPV in interference between decays with and without mixing
I _gqA
o B
pAf
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B MESON MIXING

e for fthatis a CP eigenstate, e.g., f=]/UKs

® time dependent CP asymmetry

d 71 0 ' d 7[R0 ‘
As (1) = fF:‘E_} (t) = Jepl - fF:B (t) = fCP:,

%F_Bo(t) — fCP_ -+ EF_BO(t) — fcp_
e .

A (1) = S¢sin(Amt) — Crcos(Amt). oo
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B MESON /\

e for fthatis a CP eigenst. -

e time dependent CPas \J

d 1 B0 © d
VPROEE Aol o ink L) . R —
ZT[BY(t) = fep] + ZI[BY(t) — fcp]

At p(t) = Srsin(Amt) — Cycos(Amt). oo

I'(B(t)—]/{PKs)
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B MESON MIXING

Afop (t) = Sy sin(Amt) — C'r cos(Amt). Af =

e Srmeasures CPV in interference between
decays with and without mixing

o QIm)\f
PP

o (risdirect CPV

asymmetry
1 — [Af]?
Cr =
T =1+ Ar|?

et T ———
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=iy vz B MESON MIXING f -

* g/pis universal for b | , d
all final states f = Lot W | ! .
o % - - =0
. B B
¢ in the SM b " { et T e
9 _ e 9B — i Vid i =t .
p Vin Vi,

S oamans T—————— C
e for Be]/gst in the SM B {b H—(:Z }\Ij

d _
AJ/lPKS — VCbVCZ ... \
AJ/¢KS Vi Ves

e so that the CPV parameter in the SM™""" T ——
VigViaVa Vs 4o |
)\J/@DKS — V. V*V*‘/CS :62 b Im)\J/wKS :Slnzﬁ.
tbVidVepVes ,
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THE UPSHOT

¢ CPV an inherently quantum mechanical effect
e governed by a phase in Lagrangian
¢ KM mechanism the dominant origin of CPV

® measurements point to a consistent picture

A=0.825(9), A=0.2251(3), p=0.160(7), 7= 0.350(6).

T —— S e
e since psf] the CKM weak phase is large, O(1)
el = '52 + 772 — a..rg( ub>7

e tests will be significantly improved in the near future
J. Zupan Flavor physics: Lecture 1 10 HCPSS 2018, Aug 28 2018



THE FUTURE: TREE
PROCESSES ® BELLE 2

Charles et al, 1309.2293
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THE FUTURE: TREE
PROCESSES ® BELLE 2

Charles et al, 1309.2293
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SEARCHING FOR NEW
PHYSICS



TWO WAYS OF SEARCHING
FOR BSM IN FLAVOR

* measuring rare decays

oo b—slt

* measuring meson mixing amplitudes

® e.g., Bs~-By mixing

b . - d
{ W
¢ 1 ) 1
o d - W b
B P P
b E " ~d
W B W
a— n 3 U C. Y. B

vy
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TWO WAYS OF SEARCHING
FOR BSM IN FLAVOR

®* measuring rare decays

P o g b%sl+l

U, C, {

w [T v

e
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EFFECTIVE HAMILTONIAN

e effective hamiltonian for B mixing

" (A2)2

] Zupan The Mystel‘les UM




NEW PHYSICS IN MIXING
* measuring mixing amplitude precisely
can probe for new physics

e can parametrize the new physics
contributions as SM NP
Heﬂ' — Heﬂ“ _|_ Heﬂ'

My = MM+ M

1 _
My = ——(BY|H. .| BY)*
12 2mB< d‘ ff|d>
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BOUNDS ON NEW PHYSICS
IN MIXING

e ~20% corrections relative to the SM allowed at present

e to be reduced to ~5%

B O—B 0 B S'B S Charles et al, 1309.2293

-value
Ip 1.0

3.0 excluded area has CL > 0.95

excluded area has CL> 0.95
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WHAT SCALE?

e what does this mean in terms of bounds on NP masses?

e assume for instance, that NP has the same (V-A)x(V-A)
structure as the SM

. :(( Via)” L COnp

)(bLV qr) (bryugr) + h.c.

2 A2
AMury Axrp
® e.g., could be due to Z' exchange
» - —ig"" -
e = i(igz)* (brYuar) 5 (brywqr)
q= — My,
R G )
2 2 _ _ _
q~ <My > gZ' b b Cxp _ 97 T Y 7]
i — mZ,( o QL)( L%JQL) Aip B m2, bV/q
e 1;<20% correction to the SM gives, for Cnp = 1
ANP,Bd z 1500 TeV ANP,BS Z 300 Teva Q/ b
e the difference entirely due to Vis = 5Vig 5 55
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LOW ENERGY PRECISION
BOUNDS

UTFit 0707.0636, 1411.7233
for latest charm see also Bazavov et al, 1706.04622

—
O
~J
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Qg = (bey"qr)(bv"qr), “RGY PRECISION
Q2,4 = (brqr)(brar), SOUNDS
Q3,4 = (B%qi)(ggq%) UTFit 0707.0636, 1411.7233
. . for latest charm see also Bazavov et al, 1706.04622
Qa,q = (brqr)(bLar), -
_ _ UTFit 0707.0636, 1411.7233
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TWO WAYS OF SEARCHING
FOR BSM IN FLAVOR

° measurmg meson mixing amplitudes

® e.g., Bs~-By mixing

b - : d
{ A I
) O A . u, C, 1
0 d - W > b
B > >
b N2 B ~d
W W
= U C, t %
d - ! . b
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PRESENT EXPERIMENTAL
SITUATION

* many different transitions measured

e two sets of quark level transitions show
~4¢0 deviations from the SM*

L (@1"0"Q;) (Tiuo L)

ijlel

LsmEFT D A2

c, b — cTVYf '
W ’ ANP ~ 3 TeV ANP ~ 30 TeV

VT

* there are other interesting deviations, e.g., ~30 deviation in €'/ ¢, see, e.g., Buras et al, 1507.06345; RBC-UKQCD, 1502.00263
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UPSHOT

e h—sll flavor anomaly
¢ theoretically clean, ~40 excess

® does it make sense from new physics
perspective?

® reasonable scale for NP models®

“mostly face the I. I. Rabi's muon question: "Who ordered that?"

J. Zupan Flavor physis: lecture 2 22 HCPSS, Aug 29 2018



EXPERIMENTAL SITUATION

e p—sll: generated at 1-loop in the SM

a —
GFWb‘QEEC9(10)§LW“bL 0y, (75 )¢

b L ST,
!
44

~SM SM
Co" =~ —Cp

{

® in the SM b—see the same as b—suu

¢ Lepton Flavor Universality in the SM

J. Zupan Flavor physis: lecture 2 23 HCPSS, Aug 29 2018



b—sll : EXPERIMENT

e three clean observables: Rx and Rx* two bins «
Br(B — K ) BR(B — K*utu) |,/
Br(B — Kee) |y ggev? BR(B — K*ete™)
® 2.60 anomaly in Rk
Bordone, Isidori, Pattori, 1605.07633 ——LHCb —e=-BaBar ——Belle

sv: Rpc = 1.00 + 0.01F~_ ¢

Ls I T Ll Ll T ‘[ T Ll T Ll ]

LHCb 1

exp: R = 0.745 % 0.082

LHCb,1406.6482 (3.0 bl @7+8TeV)

+ SM

PR ST ST ST SN SN S S SN S S S S S |

5 10 15 20

q? [GeV?/c?
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b—sll : EXPERIMENT

e 2 bins in Rg*

_ BR(B— K*utu™)
- BR(B — K*ete™)

R

o 2.2-2.50 deviation in each

Br IlO_Tl

RK*O

| I I | I I | | | I | | | I | | | | | I | | I ] I I | | | I i
10 :_ ......................................................... L P ST _: 0 5 - ” >
FRLE . & 2
0.8 :_ _: S q° [Ge\/zJ
. I I 1] | experiment: LHCb, 1705.05802 (3.0 fb! @7+8TeV)
0.6 ® LHCh - 0110
B BIP 4 RK*[O.O45, 1.1] GeV2 — 0.660_0:070 + 0024,
0.4 F Y CDHMV
i B EOS I +0.113
0.2 - Lo _ . 4
- LHCb : féav'lo - RK*[ll, 6] GCV2 — 0.685_0069 0.047,
OO T B AT A A A A I A B T AN A A A A B A A
0 1 2 3 4 5 6
LHCD, 1705.05802 ¢ [GeV?/c'] HCPSS, Aug 29 2018




GLOBAL FITS

* in principle much more info

® Br(B — K®uu), Br(Bs—=opuu),
Br(B—Xsuu)

® angular obs. in BO — K*0uy,
Bs—pup

e sensitive to hadronic inputs

® require form factors predict.
(QCD sum rules), charm
loops, nonfactor. contribs.

e prefer NP in muons

J. Zupan Flavor physis: lecture 2 2
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o BT(B = K(*)‘u‘u), Br(BS%(P‘u‘u),
Br(B— X, u ‘u) Rl —— LFU observables

b — sup global fit

- ~1.0 1 all
o angU]_ar ObS. 1N BO e K*O‘Ll‘l/l, ——~all, fivefold non-FF hadr. uncert.
—2.0 —1.5 —1.0 —0.5 0.0 0.5 1.0 1.5
Bs—¢up Re C¥

e sensitive to hadronic inputs S A B
» Belle data CMS data ] Cci
® . 1 0.5 i LI SM from DHMV ] o
require form factors predict. : NE P o 1 2
(QCD sum rules), charm T | %
loops, nonfactor. contribs. s l N | ”

TF %% %, ot v ot

. I _ -
e prefer NP in muons E % [T
o 5 10 15
2.8 and 3.0 o from S\ 5 ~ 2
. JHEP 02 (2016) 104  + .»\TLi.»\S (‘OL‘F 2017023 97 [GeV/c?]
« PRL 118 (2017) CMS-PAS-BPH-15-008

J. Zupan Flavor physis: lecture 2 2

Simone Bifani, seminar at CERN (overlaid predictions from SJ&Martin Camalich 2014)




WHAT KIND OF NP?

e from now on will assume that NP in b—=suu

e what is the NP scale?

e the Wilson coeffs. in previous slide
C; & CNP~0(1)

ViVt Oy =

¢
® Arv?

e types of NP
e tree level (heavy or light)
® loop level

J. Zupan Flavor physis: lecture 2 2% HCPSS, Aug 29 2018



TREE LEVEL

e two distinct types:

e mediated by a Z’
e SU(2)rsinglet ® spin0orl

<r triplety bN ﬁ

/L u\
S p
Altmannshofer, Straub, 1308.1501;

Altmannshofer, Gori, Pospelov, Yavin, 1403.1269;
Greljo, Isidori, Marzocca, 1506.01705; see, e.g., Hiller, Nisandzic, 1704.05444;

+many refs. Hiller, Schmaltz, 1411.4773; +many refs
J. Zupan Flavor physis: lecture 2 28 HCPSS, Aug 29 2018
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FOOP LEVEIE

e three distinct options

e Z'w/ loop e Z'w/loop @ boxw/ NP
to bs to uu fields

v
bx ; / br f
Y L
3/ H S[, \ ST Y
v

Kamenik, Soreq, JZ, 1704.06005 Bélanger, Delaunay, 1603.03333  Gripaios, Nardecchia, Renner, 1509.05020;
Bauer, Neubert, 1511.01900;

Becirevic, Sumensari, 1704.05835
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UPSHOT

* b—ctv flavor anomaly

e theoretically clean, ~40 excess
® NP effect large: O(20%) of SM tree level

® NP interpr. often in conflict with
other constraints

cr,
br,

J. Zupan Flavor physis: lecture 2 53! HCPSS, Aug 29 2018



EXPERIMENTAL SITUATION

* seen in several experiments

?

for theory predictions see, e.g.,
Fajter, Kamenik, Nisandzic, 1203.2654

Bailey et al, 1206.4992
Becirevic, Kosnik, Tayduganov, 1206.4977

theor y Well under Contr Ol Bernlochner, Ligeti, Papucci, Robinson, 1703.05330

Bigi, Gambino, Schacht, 1707.09509

[ =, e

o
5 B — D®rp)
b—cTv R(D™) — (B — D™rv
b—clv I'(B — DW|p)
— N I 1 1 1 L 1 L 1 1 ) 1 1 L I 1 1 T 1 I -
* 05| = BaBar, PRL109,101802(2012) . —
B YF  —— Belle, PRD92,072014(2015) Ay” = 1.0 contours .
e, - LHCb, PRL115,111803(2015) SM Predictions .
0.45 Belle, PRD94,072007(2016) =" ‘ -
""" ——— Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) .
L ——— LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015)
04— O Average R(D*)=0.252(3) S. Fajfer et al. (2012) _T]
- .. Experiment |
035 Ao ]
0.3 2 —
R oA " m :
u FPCP2017 | |
0.2 '__ p(x:)— 71.6()-'0__:
I 1 1 1 1 l 1 1 L 1 l 1 1 1 1 1 1 1 1 l
0.2 0.3 0.4 0.5 0.6
R(D)

0.35 ———
i Contours hold at 68% CL: Ax2 =2.3 |
0.3 - .
*9/
(Ao
0.25 - ——= HFAG (2016)
- ] SM (others)
=0 SM Ly-1+SR
SM NoL+SR
0 SM th:Ly>1+SR |
2 SM L,>1+SR ]
0.2 0.3 0.4 0.5
R(D)
Bernlochner et al, 1703.05330




NEW PHYSICS

INTERPRETATIONS
e the most obvious candidates ruled out .
® charged Higgs: total B, lifetime, b—ctv g? b /

distributions, searches in pp—11 H+ W <’T

® W' related Z’ ruled out from pp—17 ,

® viable, if RH neutrino b—ctNRr
Greljo, Robinson, Shakya, JZ, 1804.04642

e several viable leptoquarks -~
® vector leptoquark: explains b—ctv & b—=suu b /

N

® also possible if more than one scalar LO ¢

16pt0quar k Crivellin, Muller, Ota, 1703.09226
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HIGGS - A NEW PROBE OF

FLAVOR

e in the SM all flavor structure due to the Higgs

Yukawa couplings

yr = V2my /v

e implies Higgs has
very hierarchical
couplings to
fermions

e how well have
we tested this?

J. Zupan Flavor physics: lecture 2
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TESTING THE FLAVOR OF
THE HIGGS

Nir, 1605.00433

. SM
* several questions Yr = V2my [
» prOpOrtlonahty B h—>J\ry ‘P]e'rlelz',lSoreq, S‘ta'rﬁ(I)U; 1I“0b10‘1<a,vll5()l3l.(l)0£90 |
. . 1 N e fth—»~ -
y’“f X mz : A Vh recast L T
e factor of |
proportionality 0100 b
e ’
® diagonality P A
(flavor violation) | |
) . 0001 e " global analysis
n ” ; . . 5 10 50 100
® reality (CP violation) mylGeV]
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PROPORTIONALITY

e “proportionality” and “factor of proportionality”
Yii X 1T yii/mi = V2/v

e tested for 3rd generation fermions

(b) E’ T+, ﬂ+

/b

t/b




PROPORTIONALITY

e “proportionality” and “factor of proportionality”

Yii X My

yii/m; = V2/v

e tested for 3rd generation fermions

bt ,u
H
(b) brtu
Y
i/b
H ------ At/b H ------
t/b
Y

Yf

0.100}

0010}

s

h->J 1y Perez, Soreq, Stamou, Tobioka, 1503.00290

tth

. p
N 4
................... =}
7’
-
-
P 4
-
2 <
/’

Vh recast

global analysis

L 5] L
m[GeV]
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HIERARCHICAL COUPLINGS?

e does Higgs couple to the first two generations?
® tough: couplings are small

e more modest question: can we show that the
couplings are hierarchical?

® yes, but for quarks with some assumptions

Ye(XI; YeXp Yde(XI))
e S
- < 0.22(0.10), o 0.7(6
direct Loiea /T
measurements  distrib.

J. Zupan Flavor physis: lecture 2
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MUON YUKAWA

TT

|

e the SM Higgs muon

ATLAS Simulation Preliminary

- tI
1= 3
; = hsyy, hoZZ 4], hsWW*— Z.xT 3
Yukawa accessible at N SR o
- % \ AL (K2, Kyys Kp Ky Koy Ky ’ _
high-luminosity LHC g
B b N
2 - A —
e the only one among the ' AT e Tev
: : N JLdt =300 o i
first two generations ot 10 —[Lot=3000 1"
: - E :
fermions e
S 1.2 e
: G » 115 | T N E
e could significantly R — e — i
: < 09 | 1 [ 3
deviate from the SM T og | L e
10" 1 10 10°
® could even be zero | m, [GeV]
U S ——
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FLAVOR VIOLATING
COUPLINGS

e in the SM Higgs couplings flavor diagonal

e discovering flavor violating couplings
means New Physics

e for charged lepton final states accessible
directly

® from h—tu, h—1e
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CMS Prefiminary 35.9 fb™! (13 TeV) } CMS Preliminary 35.9 fb™! (13 TeV)
— T o
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1072 i e 0
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10°F
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INDIRECT BOUNDS ON h—>TH

Harnik, Kopp, JZ, 1209.1397 see also Blankenburg, Ellis, Isidori, 1202.5704
e also indirect bounds from charged lepton
FCNC transitions
4
® Ty :
® T30 |, o i T
Y P+ Y. Pp
\_

Y2, Pr+ Yy Pr

\_
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INDIRECT BOUNDS ON h—>el

Harnik, Kopp, JZ, 1209.1397

e indirect bounds especially severe for h—eu

e Br(h—seu)<10- 10
required to surpass 10° b,
the bound from 10- 1 EM *M
Br(u—>ey) 1072
e caveat: could be 21073
cancellations B 10-4]
in the loop -3
10-°
l01(7) 10 610 5107410~ ‘10 210~ 1160 10!
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CONCLUSIONS

¢ CKM matrix the dominant source of
flavor violation in nature

e hints of anomalies in b—c7v and b—suu
transitions

¢ would imply many new signals at

both high pr (CMS, ATLAS) and in
precision flavor (LHCb, Belle II,

NA62, g-2,...)
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SENSITIVITY TO NEW

PHYSICS
SM@tree level: no Flavor Changing Neutral Currents

® all FCNC processes loop suppressed
® e.g., meson mixing b , b\
can be modified by NP

NP contribs.
scale as

( 9 )

depends on
couplings
and NP masses

anN FanN
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USEFUL REFERENCES

e some excellent introductions to flavor physics
e Kamenik, 1708.00771
e Nir, 0708.1872, 1605.00433
® Grossman, Tanedo, 1711.03624
® Gedalia, Perez, 1005.3106
e Blanke, 1704.03753
e Ligeti, 1502.01372
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FLAVOR STRUCTURE OF THE
STANDARD MODEL

e in the SM flavor refers to the type/generation of fermion

e below electroweak scale the unbroken SM gauge group
1S SU(S)CXU(I)em

® three generations of fermions

32/3 ¢ up type quarks; u,c,t
3_1/3: down type quarks; d,s,0b
1_4: charged leptons; e, b, T

1g : neutrinos; Ve, Vys Vs
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LOW ENERGY PRECISION
BOUNDS

UTFit 0707.0636, 1411.7233
for latest charm see also Bazavov et al, 1706.04622

—
O
~J

UTFit 0707.0636, 1411.7233

: : BMReC
® AN iMmpressive K
P mimC, 2007—>~NOW
progress on Im C, r

—
o
O

flavor bounds

in last 10 years

cii), ¢ bs
* inD, Bsmixing ¢

NP scale A (TeV)

2

I TTTTI I T TTTTI I llIIIlIl I IIIIlIIl I IIIIIIII I TTTTIT

e also from €x - 1P

N_ds
— (bry"dp)(bryudrL). Q,), C, C%

S — M;m\z 49 HCPSS, Aug 29 2018




CORRECTION FROM NEW
PHYSICS

e heavy NP described by effective operator

e assume for instance, that NP has the same
(V-A)x(V-A) structure as the SM

oo :((VtZth)Q ~ Cnp

2 )(bLW qr) (brvuqr) + h.c.
NP

2
AMFV

e e.g., could be due to Z' exchange

N
N
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PS' AT LHCB

~0n 1 ' , S —
a 0.8 ~ | SM from DHMV

: . ® LHCb Run 1

0.6 [J Phase-ll Upgrade

-0.8

LHCb, CERN-LHCC-2017-003

‘.4 ...5....6

78
g’ [GeVZ/c?

1.5 9 —— global fit 2017

— CHP = —1, 0exp x 0.1

— OfP =1, 0eyp x 0.1, 0y, x 0.1
1.0 1

/ reduced
- th. errors

flavio v0.20.1

~1.0 0.5 0.0 0.5
Re CJ'F

JTZupair T Cecture 5 rTavorTT o |

many thanks to D. Straub for the plot

Descotes-Genon et al.
et 1407.8526

ESHEDP, Jun 26 2018




MESON MIXING BOUNDS

* new physics constraints from meson
mixing
* several systems
® KO0-KO(5d <> sd)
® DO-DO(cii <> cu)
® BO-BO(bd <> db)
® By0-B (bs <> 3b)
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EFFECTIVE HAMILTONIAN

e effective hamiltonian for B mixing

o (A2)2
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MORE GENERAL NP

e the general NP Effective Field Theory for
mixing

e bray) (Vhat)

. *NP,B, - -
I S Q4,4 = (brqr)(bLgqr)
Qs.q = (b3 (B2 q3),

e and in addition qu, qu, qu obtained from Qj,
through L<>R

e heavy NP will match onto these local operators
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BELLE 2

e upgrade of Belle, expected 50 x Belle dataset
e first positron beam early April 2018
e first collisions May 2018

e+ 4 GeV 3.6 A

|

-}‘ Belle Il

| o= Y N New IR
//_ E-7Gev26A]

7 New beam pipe SuperKEKB

& bellows

Add / modify RF systems
for higher beam current

Positron source

New positron target /
capture section

Low emittance electrons
toinject
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New beam pipe S U p e I‘K E KB
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Add / modify RF systems
for higher beam current

'

Low emittance positrons
toinject ’ .
: »

Damping ring ”
S

Low emittance gun

Positron source
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LHCB UPGRADE PLANS

e LHCb in the middle of upgrade plans

e after upgrade II Upgrade-I

Tracking system:

The assemb|y and New VELO (Si strip - Pixel) -
. . . New upstream tracker (TT) (Si)
@ alm for 1 OOX installation to start New downstream tracker (Sci Fiber) Muon System:
in LHC LS2 —

Remove M1

present data set stringin201

M2-5 fine for 1x1033
May need upgrade of

. M4 V inner region at 2x1033

® upgrading
the detector

|
RICH 1 & RICH 2 Calorimeter:

HPD-> MaPMT New 40 MHz R/0
New 40 MHz R/O Lower PMT gain to reduce anode current
RICHL: new optics Remove SPD & PS
remove aerogel 32#
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THE FUTURE

e a rule of thumb: Belle 2 50x statistics of Belle

e corresponds to ~reach in Anpof ¥50=2.7x

® like going from 13TeV LHC to 35TeV LHC

e similar for LHCb (Phase 2 Upgrade 100x
stat.)
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0.35

0.3

0.25

B— Dt

e potential to confirm definitively B—D®tv anomaly

e significantly higher tagging eff. expected at Belle II

® new observables for LHCb in Ay—=A.tv, Bc—]/{tv, Bs—=Ds"tv

® new discriminating power from angular distributions
see, e.g., Bernlochner, Ligeti, Papucci, Robinson, 1703.05330
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INCLUSIVE AT BELLE 2

e the B—K*I*I-anomaly can be confirmed even just
from b—sll inclusive measurement alone at Belle 2

J. Zup
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/ Belle—-2 Projections: Inclusive b-sll

D

”~
e
o
( 8 ) / Huber, Ishikawa, Virto '2016
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INDIRECT BOUNDS ON h—>TH

Harnik, Kopp, JZ, 1209.1397 see also Blankenburg, Ellis, Isidori, 1202.5704
e also indirect bounds from charged lepton
FCNC transitions
4
® Ty :
® T30 |, o i T
Y P+ Y. Pp
\_

Y2, Pr+ Yy Pr

\_
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PROPORTIONALITY

e “proportionality” and “factor of proportionality”
Yii X 1T yii/mi = V2/v

e tested for 3rd generation fermions

(b) E’ T+, ﬂ+

/b

t/b




PROPORTIONALITY

e “proportionality” and “factor of proportionality”

Yii X My

yii/m; = V2/v

e tested for 3rd generation fermions

bt ,u
H
(b) brtu
Y
i/b
H ------ At/b H ------
t/b
Y

Yf
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0010}
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h->J 1y Perez, Soreq, Stamou, Tobioka, 1503.00290
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HIERARCHICAL COUPLINGS?

e does Higgs couple to the first two generations?
® tough: couplings are small

e more modest question: can we show that the
couplings are hierarchical?

® yes, but for quarks with some assumptions

Ye(XI; YeXp Yde(XI))
e S
- < 0.22(0.10), o 0.7(6
direct Loiea /T
measurements  distrib.
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MUON YUKAWA

TT

|

e the SM Higgs muon

ATLAS Simulation Preliminary

- tI
1= 3
; = hsyy, hoZZ 4], hsWW*— Z.xT 3
Yukawa accessible at N SR o
- % \ AL (K2, Kyys Kp Ky Koy Ky ’ _
high-luminosity LHC g
B b N
2 - A —
e the only one among the ' AT e Tev
: : N JLdt =300 o i
first two generations ot 10 —[Lot=3000 1"
: - E :
fermions e
S 1.2 e
: G » 115 | T N E
e could significantly R — e — i
: < 09 | 1 [ 3
deviate from the SM T og | L e
10" 1 10 10°
® could even be zero | m, [GeV]
U S ——
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FLAVOR VIOLATING
COUPLINGS

e in the SM Higgs couplings flavor diagonal

e discovering flavor violating couplings
mean New Physics

e for charged lepton final states accessible
directly

® from h—tu, h—1e
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CMS Prefiminary 35.9 fb™! (13 TeV) } CMS Preliminary 35.9 fb™! (13 TeV)
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INDIRECT BOUNDS ON h—>el

Harnik, Kopp, JZ, 1209.1397

e indirect bounds especially severe for h—eu

e Br(h—seu)<10- 10
required to surpass 10° b,
the bound from 10- 1 EM *M
Br(u—>ey) 1072
e caveat: could be 21073
cancellations B 10-4]
in the loop -3
10-°
l01(7) 10 610 5107410~ ‘10 210~ 1160 10!
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SENSITIVITY TO NEW

PHYSICS
SM@tree level: no Flavor Changing Neutral Currents

® all FCNC processes loop suppressed
® e.g., meson mixing b - b\
can be modified by NP NPEN

NP contribs.
scale as

( 9 )

depends on
couplings
and NP masses

anN VanN
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CP VIOLATION IN THE
STANDARD MODEL

e CP violation in the SM

® all terms invariant apart from Yukawa terms

mﬂw] Yo Hwh S5 Y H ol + Vit Hyl,

e S ——————— T

o CP conserved if Yukawas real

*— o o
V) = Y.

e in the SM the CP violation controlled by one
parameter: 7, "the CKM phase"

e CPT conserved in Lorentz invariant QFTs

e CP violation = T violation
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SEARCHING FOR NEW
PHYSICS

e 5o far: looked at the measurements of
SM parameters

e how does one search for new physics?
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(Why is weak force

weak?
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* “weak and strong interactions

similar in many respects - —— e

® nonabelian gauge interactions
e so why is weak force so weak?

e strength of interaction governed by
couplings and masses of force carriers
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BETA DECAY

e example of a weak transition: beta decay

Wi p+e_ﬂe

e weak force is weak because the carrier -W boson- is massive
® it is not because couplings would be extremely small!
® W, Z mass ~ 100 GeV~ 100 proton masses
N
['(n — peve) o< ~— 1 - ~ lO_QO(mp — My

J. Zupan FlavorpRySTes™Tecture 2 S — Mmg 5018 T—————







RECIPE FOR INDIRECT NEW
PHYSICS SEARCHES

® rare processes can probe

heavy mediators

e recipe for indirect new physics searches

e identify processes that are rare in the
Standard Model

e search for deviations from predictions
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